Abstract. Erosion of rock cliffs has been considered to be relatively unpredictable. This perceived stochastic nature of the erosional processes often occurs through collapses along fractures in the rock-mass. The prediction of catastrophic cliff failures and collapses remains very difficult. For advancing in this field, it is important to understand the processes through which a crack is initiated, how it develops and propagates until the final failure. This paper examines the micro-seismic signals recorded 15 h prior to a rock-fall located at Mesnil-Val, France. The results lead to the hypothesis that several phases of failure mechanisms contribute to rock-fall occurrence. The most important phases were associated with micro-seismic event families identified by multiplet selection. Each event family contained one specific frequency spectrum showing a progressive decrease of the frequencies as the rock approached failure suggesting the following phases: 1) the micro-seismic events recorded 15 h before the rock-fall were characterised by the highest frequencies in a large spectrum-band, between ∼100 and 1000 Hz (family 1), suggesting a crack initiation mechanism or the opening of existing fractures; 2) the micro-seismic events recorded several minutes before the rock-fall were associated with a clear decrease in the highest frequency components (family 2) suggesting that the mechanism was related to the growing and development (or coalesce) of existing micro-cracks into larger fractures; 3) micro-seismic events recorded just before the rock-fall were associated with Correspondence to: G. Senfaute (gloria.senfaute@ineris.fr) a lower frequency spectrum than families 1 and 2, the highest frequency components were absent (family 3), the frequency emission source mechanism could be related to the shearing or opening of the existing large fractures permitting the complete detachment of the blocky rock-mass; 4) finally, micro-seismic events with a very low frequency spectrum (lower than 100 Hz) characterized the rock-fall impact on the ground. These encouraging results offer the possibility of using the micro-seismic system to monitor high risk sections of coastline and to advance understanding of cliff failure mechanisms.
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Introduction
A large proportion of European coastlines are subjected to erosion and cliff recession. On coastal chalk cliffs, this is producing catastrophic collapses (e.g. Mortimore et al., 2004; Duperret et al., 2004) , which raise problems of security, land-use planning and management of coastal areas. Investigations along 120 km chalk coastline in Normandie and Picardie, France identified 55 significant collapses with volumes ranging from about 100 m 3 to 85 000 m 3 and the larger collapses were capable of taking a bite out of the cliff face between 10-20 m deep during a single event (Duperret et al., 2002 . These apparent instantaneous collapses contribute to long-term mean erosion rates estimated to be coastal recession is estimated to be 0.35 m/year for the last 100 years (Dornbusch et al., 2006) . Unfortunately, understanding the actual mechanisms of coastal cliff retreat is poorly developed. Some elements are well-established, for example the role of the pre-existing fractures in the generation of block failure from the cliff (Hoek and Bray, 1981; Priest, 1993; Duperret et al., 2004; Busby and Jackson, 2006; Freyssines and Hantz, 2006) . However, whilst the fractures clearly provide weaknesses along which many failures develop, the triggering processes including fracture development leading to failure remains poorly understood because it is associated with the difficulty of long-term monitoring and data collection.
The standard tools commonly implemented to detect movement of blocks expected to fall and to help understand the failure process are displacement transducers, GPS stations and inclinometers (Jaboyedoff et al., 2004; Gunzburger et al., 2005) or precise laser scanning of the cliff face to detect block movements and superficial geomorphological changes (Mikos et al., 2005; Dewez et al., 2007; Collins and Sitar, 2008) . Some geophysical methods have been developed to image small-scale fracture networks along vertical cliffs to detect the precise 3-D characteristics of the fracture network along which failure planes develop, these are electrical methods, such as azimuthal apparent resistivity (Busby and Jackson, 2006) and ground penetrating radar (GPR) using electromagnetic waves (Jeannin et al., 2006; Roch et al., 2006; Deparis et al., 2007) , but their application in determining cliff failure at depth and over wide areas is very limited. Some large-scale cliff collapses have been detected using seismic monitoring. Large-scale landslides were recorded by seismic observatories at local and tele-seismic distances during the Mantaro landslide (1.3 km 3 ), (Berrocal et al., 1978) and during the Mount St. Helen landslide (2.5 km 3 ) (Kanamori et al., 1984) . Deparis et al. (2007) analysed seismograms recorded during rock-falls in the Western Alps by the French permanent seismological network, Sismalp with the aim of getting new information on the rock-fall mechanisms.
A European research project, PRediction Of The Erosion of Cliffed Terrains (PROTECT), was developed to provide large scale monitoring tools to predict costal cliff collapses. A research site located at Mesnil-Val, Haute Normandie, France was selected to test geotechnical and geophysical monitoring systems. A micro-seismic network composed of five sensors (geophones and accelerometers) was deployed at the research site. Results showed the ability of the microseismic network to record signals induced by cracking in the chalk rock-mass and to detect micro-seismic signals prior to a rock-fall . The analysis of the statistical pattern before the rock-fall showed that a power law acceleration of seismicity rate and energy could be defined on three orders of magnitude, within 2 h of the collapse time. Simultaneously, the average size of the seismic events increases towards the time to failure . This paper analyses the precursory micro-seismic signals recorded prior to the rock-fall using specific processing methods (i.e. doublets techniques or multiplet selection method) to produce a better understanding of the failure mechanisms and the failure process evolution preceding final failure. The analysis has been conducted on the 224 microseismic events recorded at the Mesnil-Val research site prior to a rock-fall that occurred at the centre of the monitored cliff.
Geological setting of the research site
The coastal recession from Criel sur Mer to Le Tréport (including the Mesnil-Val research site) ( Fig. 1 ) was estimated to be 0.13 m/year between 1966 and 1995 (29 years) (Costa et al., 2004) . At Mesnil-Val, the coastal cliffs are near vertical, about 50 m high and cut in the Upper Cretaceous Chalk of the Anglo-Paris Basin, along a NNE-SSW oriented coastline, bordering the eastern English Channel (Fig. 1) . The coastal chalk cliffs of Normandy are regularly cut by largescale transverse dry valleys, easily visible on Fig. 1 where Mesnil-Val village is located in the dry valley and extends to the top of the cliff.
The entire cliff face is composed of the Lewes Nodular Chalk Formation dating from the Upper Turonian to Lower Coniacian (Mortimore, 2001) . The Lewes Nodular Chalk is a nodular yellowish coarse chalk, including soft, marly bands and nodular hardgrounds, with regular flint layers (Mortimore and Pomerol, 1987; Bristow et al., 1997) (Fig. 2) . At Mesnil-Val stratigraphic investigation identified subhorizontal beds of Upper Turonian chalk exposed in the beach platform and cliff base, with the occurrence of the Mers Hardgrounds, a condensed and hard section of Lewes Nodular Chalk which corresponds to the Kingston Beds in the UK stratigraphy. Many of the marls and flints at this level coalesce due to the condensed nature of this section but the Bo-Peep Flint Band, Lewes Nodular Flint Band, Lewes Marl and the overlying associated Criel Flint Band are all recognisable (Fig. 2) . The Navigation Marl marks the stratigraphic limit between Turonian and Coniacian (Mortimore et al., 2001 ) and outcrops in the lower third of the cliff at about 10-20 m high. The upper part of the cliff (2/3 of the total height) is dated Lower Coniacian, from the Navigation Marl up through several identifiable beds to at least the level of the Light Point Hardgrounds (Mortimore and Pomerol, 1987) .
As observed in Fig. 2 , (1) the first 5-10 m of Upper Turonian chalk on the sea cliff appears as smooth and white due to the regular wash effect of sea water at the base of the cliff. (2) The Lewes Nodular Chalk located between Lewes Marl and Navigation Marl (Upper Turonian, The South Street Beds and Navigation Beds) appears as a weak and white-coloured layer that produces a clear indentation in the cliff and can be recognized for many kilometres along the cliff from MesnilVal to Le Tréport (Fig. 1) . Many of the flint bands, hardgrounds and marl seams in the Lewes Nodular Chalk act as laterally continuous horizontal layers which have much lower porosity and permeability where perched water tables have developed and their associated karstic features such as dissolution tubules (Lamont-Black and Mortimore, 2000; Mortimore, 2001; Duperret et al., 2002) . This regular indentation of the cliff may thus be interpreted as an area preferentially altered and eroded by local denudation processes, due to the natural water accumulation in the chalk located above the Lewes Marl, as proved by the very continuous and clear concave indentation located between the Lewes Marl and the Criel Flint Band. (3) The Lower Coniacian, Lewes Nodular Chalk Formation present above the Navigation Marl is characterised by sub-horizontal nodular flint bands running parallel to bedding and so are laterally continuous and stratigraphically identifiable. The fracture network in this part of the cliff is composed of cubic, sub-vertical fractures with a persistence normally confined to the bed.
Fracture acquisition data were collected along the base of the coastal cliff face and beach platform. It identified two main fracture sets of vertical to sub-vertical normal faults and master-joints oriented N120-130E and N30-50E (Fig. 3) . The faults and master joints are often persistent over the entire height of the cliff and along their trace are areas with voids of several decimetres in length with apertures of several centimetres wide, infilled with debris like crushed chalk materials, sands or products of chalk alteration (clays) (Fig. 4) . Also vertical joints (of about 1 m in amplitude) can be observed in the cliff face, but were not systematically measured. These joints have millimetric aperture, without clay or flint infill. Master-joints extend over the entire cliff height, with no apparent displacement. Some of the observed faults show vertical displacements of several centimetres up to 1 m, they are normally faulted. Surprisingly, there is no evidence of strike-slip faulting at Mesnil-Val, however some strike-slip faults have been reported to the southwest at Criel sur Mer near the large-scale Bray Fault system (Fig. 1) . The coastline orientation is NNE-SSW, one fracture set is oriented perpendicular to the cliff face (N120-130E) whereas the other one is sub-parallel to the cliff face (N30-50E). In some parts of the cliff face, a N30-50E fracture set is superimposed with evidence of local fracture decompression that may delineate unstable wedge blocks of small size.
Cliff collapses characteristics at Mesnil-Val research site
Field work at the Mesnil-Val research site has shown a large diversity of collapse processes, due to various triggering processes and variations in the chalk stratigraphy, rock-mass properties and fracture network. Most common events were block falls of small size, i.e. single-blocks of chalk 50 mm to (Dewez et al., 2007) . Many of the small blocks failed from the Lewes Marl level, located in the lower part of the cliff ( Fig. 2 ) which has led to the formation of the well marked cliff indentation in the lower part of the cliff, confirming the presents of a perched water table and fresh water flow at this level. The increased failures at this level were due to increased freeze-thaw during the winter and subsequent localised flaking and denudation of the chalk. Larger cliff collapses varied between several hundred and several thousand m 3 . These collapses generally occurred as thin slices (a few meters) and extended over the entire cliff height or could be restrained to part of the cliff, typically the base where they are referred to as marine notches. Marine notches develop discontinuously at the base of the chalk cliff and can be several meters long, 1-2 m high and are typically less than 1 m deep in depth (Fig. 5a ).
The Mesnil-Val research site is characterized by the intense activity of cliff erosion, with numerous cliff collapses of various sizes, observed at various times of the year. A nonexhaustive report of events is given as follows ( Fig. 5a ): the 23 June 2002 collapse occurred on the instrumented part of the cliff (this study) , another collapse occurred in March 2006 (Dewes et al., 2007 , several collapses were identified in 2008 with two very large collapses on the 10-11 March 2008 (Fig. 6 ). The first collapse had a estimated 70-80 000 m 3 of collapse material and the second failure 20-30 000 m 3 (Fig. 6 ). As observed on Fig. 6 , the March 2008 collapses involved two portions of the cliff, each part of a local headland. Each collapse was laterally bound by large master-joints oriented N125E 55N, perpendicular to the cliff face, whereas the two rupture surfaces were located on master-joints oriented sub-parallel to the cliff face (N50E 55N). This suggests that N50E fracture set favours failures planes and the N120E fracture set acts to laterally bound the extent of the failure propagation. In this case, large-scale cliff collapses were guided by two pre-existing sets of cross fracture families that bound large wedges of chalk rocks that were kinematically able to fail.
As observed on oblique aerial photographs taken in 1986 the largest collapses occur rarely, no large collapses were observed between 1986 and 2008 at this location (22 years). The volume-frequency distribution of rock-falls has been studied by some authors in various contexts, such as continental cliffs (Wieczorek et al., 1992; Hungr et al., 1999; Dussauge-Peisser et al., 2002; Hantz et al., 2003) or in coastal cliffs context Teixeira, 2006; Marquez, 2006) . The cumulative distribution of rock-fall volumes always follows a power-law in a volume range covering at least 4 orders of magnitude, with a large number of small events and rare events of large size (Hantz et al., 2003) . Observations conducted at the Mesnil-Val research site appear to follow this power-law distribution in time and volume.
Micro-seismic instrumentation developed to investigate the cliff at Mesnil-Val research site
Micro-seismic systems have been used effectively to detect cracks and subsequent related rock falls in deep coal mining (Mendecki, 1993; Senfaute, 1995; Senfaute et al., 1997; Sato et al., 1998; Iannacchione et al., 2005; Driad-Lebeau et al., 2005) and in abandoned mines (Senfaute et al., 2000; AbdulWahed et al., 2001 ). However the micro-seismic monitoring systems currently being used in deep mines need adapting for use on natural sea cliffs, because the overburden stress induced by the rock mass is lower than in deep underground mines, thus the signal attenuation is greater and signal disturbance noise is higher along the cliffs located on the coast. The wavelength of the seismic signal which could be recorded during the rupture of a chalk rock-mass was not known and so the use of sensors with broad frequency bandwidth was required. Two types of sensors were selected: geophones with a frequency-band between 40 Hz and 1.5 kHz and accelerometers with a frequency-band between 2 Hz and 10 kHz, which made it possible to monitor a broad frequency band-width coverage with a good sensitivity. The frequency sampling and duration of time recording were 10 kHz and 0.35 s respectively. Each micro-seismic station contained two types of sensor: a geophone and an accelerometer (see Fig. 7b ). The sensors were put in the boreholes and cemented in place. After cementing each station was connected to a data acquisition system.
Data recorded and analyses
The Mesnil-Val research site was monitored for a period of 24 months, between January 2002 and February 2004. Significant micro-seismic activity was recorded during this monitored period. The first difficulty in analysing the microseismic data recorded concerned the tide effect. The sea waves impacted the cliff during the high tide periods (twice each day) and generated a constant triggering of microseismic events. Figure 8 shows the correlation between the number of micro-seismic events recorded and the tides. It can be seen that there was a strong correlation between periods of high tide and the micro-seismic events triggered, the highest tide coefficients, upper around 50, were associated with a large number of micro-seismic events, over 2500 events could be recorded during two hours at high tide. For a tide coefficient under 50 during periods of low tide there were fewer events triggered, only 848 events were recorded during the entire monitored period (24 months). It was possible to assume that these events recorded during the highest tide were directly related to the action of the tide on the cliff face, and interpreted that sea waves induced dynamic impacts on the cliff face that seem to be directly responsible for the micro-seismic events triggered. Thus, only the microseismic events recorded during the low tide period can be linked to mechanical changes within the rock-mass. Therefore, this study will concentrate on the micro-seismic population recorded only during the low tide periods. The second difficulty in analysing the micro-seismic data concerns the strong attenuation of the micro-seismic signals recorded. Most micro-seismic events triggered were only recorded by one station and only a few events signals were recorded by more than one sensor (Fig. 9) . Several blast tests using explosives were conducted for quantifying the signal attenuation level. Forty-eight geophones were laid out in a line parallel to the cliff edge at 2.5 m intervals. A total of 29 dynamite shots were fired as seismic sources, 22 were on the cliff top and 7 on the wave cut platform at the base of the cliff. Figure 10 shows an example of the typical signals recorded during blasting. The amplitude attenuation was calculated using the correlation between the maximum amplitude of the total signal recorded after each blasting and the distances of blasting and the sensors. This correlation showed that after 30 m the amplitude of the signal had attenuated by approximately 90% (Fig. 11) . The strong attenuation observed can be related to two main factors: the anelastic attenuation and the geometric expansion. However, the signals recorded from the blasting show a complex waveform without separation of the P and S waves (Fig. 10) . The explosive (blasting) sources and the short distance between the sensors and the explosive sources explain these waveforms. Due to the type of waveforms it has not been possible to determine what the dominant factor was causing the attenuation of the signal. However, it is likely that the strong signal attenuation was due mainly to anelastic attenuation induced by the mechanical characteristics of the chalk, in particular the high porosity levels, between 40% and 46% in the Lewes Chalk Formation Mortimore et al., 2001 ) and the high degree of fracturing at the research site. This test allowed an estimation of the attenuation level generated by the chalk rock-mass which clearly demonstrated the high attenuation of the signals. For a distance of about 20 m between the blasting source and the sensors the attenuation of the signal was up to approximately 80%. These results explain the fact that the most of the microseismic events were recorded only by one sensor (Fig. 9) .
To better take into account the difficulties mentioned above and particularly the problems associated with tidal waves only the micro-seismic population recorded during the low tide periods could be analyzed. During these low tide periods and for the 24 month recording period the total number of micro-seismic events was 848 (Fig. 12a) . On the 23 June 2002 a cliff collapse occurred in the centre of the monitored zone at Mesnil-Val research site. The estimated rock-fall volume was between 1000 to 2000 m 3 (Fig. 13) . During 15 h prior to the rock-fall and only during the low tide 224 micro-seismic events were recorded by one sensor (sensor A4) located at the centre of the monitored area. Figure 12a shows that during the 5 months prior to the rock-fall, 343 micro-seismic events were recorded and small anomalies were observed on the 19 February 2002 (36 micro-seismic events recorded in one day) and on the 14 June 2002 (33 micro-seismic events). It is possible that these micro-seismic events were associated with the small detachments of blocks but no evidence of rock-fall was observed at the research site. In the 19 months following the rock-fall a total of 281 microseismic events were recorded.
To perform the analysis of the micro-seismic data (848 events recorded only during low tide periods) the seismic energy released by each event was determined as follows:
Where E is the signal energy of one micro-seismic event, N k the quantity of channels where the event has been identified, Aj the amplitude values at each sampling time between P-wave pick and end-pick in m/s using only the amplitude values from the geophones. It was assumed that the signal energy received at the sensors was proportional to the source energy released. Figure 12b illustrates the cumulative seismic energy released during the monitored period and shows that the microseismic activity was relatively stable during the first 6 months before the collapse on 23 June. Abnormal micro-seismic energy was observed on 23 June and recorded only by one sensor (sensor A4). After the collapse, the seismic energy became stable again until the end of the experiment (February 2004) . Figure 14 shows the behaviour of seismic energy released on 23 June. The first series of seismic events occurred at 03:00 h (15 h before the collapse) and were relatively small. The level of seismic energy continued to increase during the day until 16:00 h, when significant increases occurred. At approximately 19:00 h the level of seismic activity increased considerably until the rock-fall occurred at 19:19 h.
Micro-seismic activity in relation to the rock-fall
Specific analyses were made to the micro-seismic events recorded 15 h prior to the rock-fall (224 seismic events, Fig. 14) . The doublet technique or multiplet selection method (Got et al., 1994) was applied to the data to identify seismic event families with similar waveforms. A doublet is a pair of seismic events whose seismograms are identical over a wide range of frequencies and a multiplet is a group of similar doublets. The objective of the "doublet method" is to characterise the degree of similarity of a pair of events using the modulus of the coherency spectrum. The assumption is that events giving rise to a doublet or multiplet are similar (Poupinet et al., 1985; Moriya et al., 1994) .
Let S 1 (t) and S 2 (t) be the ground velocity seismograms of the two events (1 and 2), recorded at the same point x. The events 1 and 2 constitute a doublet, if at any position x in space, the following equation is satisfied: τ : time difference at the origin and K: amplitude ratio of the two seismograms.
The "doublet method" is based on the coherence of the signals with respect to the time, but calculations are obtained in the frequency domain using a Fourier transform:
The spectre of γ 2 and S 2 (t) is expressed by:
The inter-spectre of S 1 (t) and S 2 (t)γ 12 is expressed by:
Then the spectral ratio is given by:
The modulus of the spectral ratio is 1/K and its phase is 2iπf τ . Doublet or multiplet selection technique was applied to the 224 micro-seismic events recorded on 23 June, before the collapse. A threshold coherence of 90% was used. This search produced 59 events in three groups of multiplets or families and 175 events were excluded (not regrouping in a family population). An example of the multiplet waveforms can be seen in Fig. 15 . Multiplet event analysis is a common method for calculating the relative source location of similar events. The advantage of using multiplet analysis is that it can evaluate individual fractures, especially those with similar physical characteristics, because the correlation of their waveforms is based on their similarity. The multiplet is most likely the expression of stress release on the same fracture plane, the similar waveforms suggest the same source mechanism (Poupinet et al., 1985) . Figure 16 illustrates the temporal distribution of three multiplets or families and events outside of the family classification. For family 1, that occurs several hours before the rock-fall the signals contained a large frequency spectrum band located between ∼100 and 1000 Hz (Fig. 17a1, b1 ). For events in family 2, the frequencies are between 100 and 500 Hz but the amplitude of higher frequency band between 500 and 1000 Hz is lower than for family 1 (Fig. 17a2, b2) . The events of family 3 occur just before the rock-fall and the higher frequency-band between 500 and 1000 Hz practically disappear, the spectrum contains only lower frequencies between about 100 and 500 Hz (Fig. 17a3, b3) .
For quantifying these results a Ratio (R) of spectral amplitudes was determined. For each micro-seismic event regrouped in families, R is calculated as follows:
MA (100 Hz−500 Hz) : Maximum Amplitude of frequency-band between ∼100 Hz and 500 Hz. MA (500 Hz−1000 Hz) : Maximum Amplitude of frequencyband between ∼500 Hz and 1000 Hz.
For each family the average ratio R is: R (family 1) = 1.5±0.08; R (family 2) = 2.7±0.32 and R (family 3) = 7.1±0.68. These results show that family 3, just before the rock-fall, has a ratio R about 4 times higher than the R of family 1 implying progressive decrease of the Maximum Amplitude of the frequency-band 500-1000 Hz.
Immediately after the events of family 3, all stations recorded a new type of signal which contained a very low frequency spectrum (below than 100 Hz) for a duration of approximately 10 s (Fig. 18) . These new signals were clearly associated with the vibration induced by the shock of the detached rock-mass impacting on the ground.
Discussion
Geological observations of the cliff face indicate the occurrence of numerous hard ground levels, marl seams and flint layers in the lower part of the chalk cliff (Fig. 2) . At a small scale, these variations produce heterogeneous mechanical behaviour of the cliff. Structural observations conducted on the 23 June 2002 collapse scar (Fig. 5) does not indicate the occurrence of large scale fractures within the scar. Only small scale joints appear in the upper part of the scar, with a similar orientation of the main fracture family highlighted in Sect. 3 and Fig. 6 (N120E) . The cliff collapse was not controlled by pre-existing large scale fractures but by small scale bed bound fractures running sub-parallel to the cliff orientation. Moreover, the occurrence of a major normal fault with clay infill, bounding the cliff collapse to the left had no influence on the cliff collapse initiation, but acted as a boundary on the lateral extent of the failure. The analysis of the micro-seismic signals recorded prior to the 23 June 2002 cliff collapse at the Mensil-Val research site identified several different phases of failure mechanisms. The most important phases concern the failure process associated with event families identified by the multiplet selection method. The first failure mechanism phase was initiated about 15 h prior to the rock-fall and was associated with the micro-seismic events of family 1, characterised by the highest frequency spectrum. The evolution of failure mechanism process is associated with the others families identified some hours later and just before the rock-fall (families 2 and 3). The micro-seismic events of family 2 occurred several minutes before the rock-fall and were characterised by a lower frequency spectrum than that of family 1. For family 3 that occurred just before the rock-fall the higher frequencies disappeared and the spectrum was only composed of low frequency micro-seismic events (Fig. 17) .
The clear decrease of the frequency spectrum observed from the micro-seismic events regrouped in families could be attributed to two concurrent phenomena: attenuation of the signal and/or source effects as was discussed by Mogi (1981, 1982) . These authors investigated the frequency dependence of acoustic emission rates under incremental uniaxial compression tests of rocks in the laboratory. Mogi (1981, 1982) identified that when the existing micro-cracks grow and develop (or coalesce) to larger fractures it tends to generate micro-seismic events with larger amplitudes and containing lower-frequency components; for these authors the frequency characteristics of acoustic emissions were used to characterise the micro-fracturing processes leading to final failure. However, Ohnaka and Mogi (1982) also suggested that when micro-fractures were widely developed, the emission events with low frequencies wave components became more detectable and the higher-frequency wave components were more highly attenuated as they propagated away from the source. Nishizawa et al. (1981) showed that as the rock approached failure the attenuation increased most strongly at higher frequencies, thus it can be expected to see only the lower frequencies immediately prior to a cliff collapse. Both explanations may be partly responsible for the frequencies observed although it is difficult to determine in quantitative terms to what extent each is responsible (Ohnaka and Mogi, 1982) . Using the scanning electron microscope Tapponier and Brace (1976) and Kranz (1979) examined how fractures grow, develop, and interact in rocks under compression and suggested that fracture interaction and coalescence are important before macro-fracturing occurred and that the larger fractures increase as the rock approached the final failure. They also observed healed pre-existing fractures and suggested that rupturing of some of these healed portions and of asperities on the pre-existing fracture surfaces could contribute to generate higher frequencies. The models proposed by Mogi (1981, 1982) , Tapponier and Brace (1976) and Kranz (1979) could be applied to the micro-seismic events recorded before the rock-fall at the Mesnil-Val research site. The micro-seismic events grouped in families (families 1, 2 and 3) showed a clear progressive decrease of frequency spectrum as the rock approached final failure. Thus a model of progressive fracture development leading to the cliff collapse on 23 June 2002 can be proposed due to several phases identified, following the model below: and 1000 Hz. a2) seismogram and b2) frequency spectrum of family 2: the signals contain lower frequencies than family 1 showing a clear decreasing of the highest frequency components a3) seismogram and b3) frequency spectrum of family 3 occurred just before the rock-fall: the signals contain the lowest frequencies. R is the Ratio of the maximum amplitude of frequency-band ∼100-500 Hz and the maximum amplitude of frequency-band ∼500-1000 Hz.
-phase 1: the micro-seismic events of family 1 recorded 15 h before the rock-fall and characterised by the highest frequency spectrum suggesting a crack initiation mechanism or the opening of existing fractures probably in tension (Tapponier and Brace, 1976; Kranz, 1979) ; -phase 2: micro-seismic events of family 2 recorded several minutes before the rock-fall associated with a clear decreasing of the highest frequency components suggest that the mechanism was related to the growing and development (or coalesce) of existing micro-fractures into larger fractures Mogi, 1981, 1982) ; -phase 3: micro-seismic events of family 3 recorded immediately before the rock-fall, represent a frequency spectrum lower than those of families 1 and 2, the source mechanism could be related to the shearing or opening of the existing fractures inducing final failure processes Mogi, 1981, 1982) ; -phase 4: the cliff failure occurs, the detached rock-mass falls on the ground. A huge shock impacts the ground and generates seismic waves recorded by all seismic stations (Fig. 18 ). These signals were clearly associated with the vibration induced by the shock impacting on the ground.
This research has developed an understanding of the failure mechanism processes that occurred prior to the rock-fall on 23 June 2002 at the Mesnil-Val research site. The microseismic records identified the failure initiation mechanisms for small-scale crack and joint propagation rupture processes in the chalk. This process is limited to a rock-fall volume estimated between 1000 and 2000 m 3 , where collapses are not controlled solely by master joints or faults running sub-parallel to the cliff but by small joints developing and coalescing prior to a collapse. With larger collapses also occurring at the research site, as observed in March 2008 with volumes estimated around 70-80 000 m 3 and 20-30 000 m 3 rupture propagation appears to be controlled by joints and master joints, orientated sub-parallel to the cliff face and laterally bound by large-scale fractures running sub-perpendicular to the cliff face. Unfortunately, the micro-seismic system was not working during the large-scale collapses and therefore the behaviour and characteristics of micro-seismic signals that would be recorded in the case of a very large-scale collapse, where rupture initiation occurs on pre-existing large-scale fractures remains unknown. However, Duperret et al. (2004) suggested that the main mechanism triggering cliff failure processes are meteorological (rainfall, temperature), wave action on the shore platform and/or wave impact on the cliff base, cyclical tidal effects and fatigue caused by stress relief. These external mechanisms act on the rock-mass structure to trigger failures. In the case of the 23 June 2002 rock-fall, the tide was low during the collapse, which suggests no direct relations between marine action and collapse triggering. As no particular rainfall excess and temperature variations were recorded during this period, a process of decompression fracture initiation may be invoked, probably favoured by fatigue due to cyclic tidal effects and wave impact.
Conclusions
The seismic sensors installed at the Mesnil-Val research site were able to record micro-seismic signals induced by cracks in the chalk rock-mass. Strong signals were detected by the micro-seismic system approximately 15 h prior to a rock-fall. The observations and the measurements led to the hypothesis that the rock-fall occurred due to several phases of failure mechanisms. The different phases of the failure process were associated with event families identified by multiplet selection. The micro-seismic events regrouped in families showed a progressively decrease of frequency spectrum as the rock approached final failure and led to the hypothesis that the rock-fall occurred over several phases:
-phase 1: crack initiation and opening or shearing of preexisting fractures characterised by micro-seismic events with the highest frequencies in a broad spectrum-band between ∼100 and 1000 Hz (family 1); -phase 2: growing and developing (or coalesce) of existing micro-fractures to larger fractures characterised by micro-seismic events with a clear decreasing of the highest frequency components (family 2); -phase 3: shearing and/or opening of larger existing fractures permitting the complete detachment of the blocky rock-mass, this was associated with microseismic events of a lower frequency spectrum than families 1 and 2, the highest frequency components were almost absent (family 3); -phase 4: the rock-fall impact on the ground was characterised by micro-seismic events with a very low frequency spectrum, below 100 Hz.
There are few applications of seismic monitoring system which allow identification of precursory signals before a cliff rock-fall. It is suggested that the present research is one of the first cases allowing a holistic model linking failure mechanism processes that may occur prior to coastal cliff rock-fall to be developed. This work acts as a baseline although it concentrated on the chalk and rock-falls of 1000-2000 m 3 , the system could be adapted for use on other rock types and should be able to measure any volume of collapse. These encouraging results offer the possibility of using the micro-seismic system to establish coastal cliff monitoring programmes to monitor high risk zones and to further develop research of our understanding of slope failure mechanisms.
